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1
FILTERS FOR CATHODIC ARC PLASMAS

RELATED APPLICATIONS

This application claims priority of Provisional Applica-
tion Ser. No. 60/127,200 filed Mar. 31, 1999, which 1s herein
incorporated by reference.

GOVERNMENT RIGHTS

The United States Government has rights in this invention
pursuant to Contract No. DE-ACO03-765F00098 between the
United States Department of Energy and the University of
California.

BACKGROUND OF THE INVENTION

The invention relates to magnetic filters for the removal of
macroparticles from cathodic arc plasmas.

Cathodic arc plasma deposition 1s a coating technology
with great potential. Most importantly, cathodic arc plasmas
are fully 1onmized and can therefore be manipulated with
clectric and magnetic fields. While electric fields are used to
change the 1on energy and thus the structure and properties
of deposited films, magnetic fields are used to guide and
homogenize the plasma.

However, a major obstacle to the broad application of
cathodic arc plasma coating 1s the presence of macropar-
ficles 1n the plasma, where macroparticles broadly encom-
passes all particles much larger than the 1ons, including
droplets, microparticles, and nanoparticles.

Cathodic arc current 1s localized in minute nonstationary
cathode spots. Spot formation 1s necessary to provide sui-
ficient power density for plasma formation, electron
emission, and current transport between the cathode and
anode. Macroparticles originate from plasma-solid interac-
tion at cathode spots.

Many approaches have been proposed and tested to
climinate macroparticles from cathodic vacuum arc plasmas.
Most successful are curved magnetic filters, originally 1ntro-
duced by Aksenov and co-workers in the late 1970s.
Although high-quality metal, metal-compound, and
diamond-like carbon films have been synthesized by filtered
cathodic arc deposition, macroparticle filters suffer from two
major drawbacks: (1) the plasma transport is inefficient, i.e.
only a fraction of the original (unfiltered) plasma is actually
useable for film deposition, and (2) the removal of macro-
particles 1s not complete. The latter 1s particularly pro-
nounced for solid macroparticles as observed with cathodic
arc carbon plasmas.

The design of macroparticle filters depends first and
foremost on the mode of arc operation. DC arc plasma
sources are usually equipped with cathodes of large size, e.g.
diameter of 3—5 cm. The spot location may be magnetically
controlled. In any case, the location(s) of plasma production,
the micron-size cathode spot(s), can vary across the cathode
surface, and the cross section of the filter entrance must be
large enough to accommodate the various spot locations. A
large filter entrance necessarily implies a large filter in
length, volume, and weight. However, the plasma density in
the filter drops exponentially with the path length of the

filter.

Most filters, and virtually all of the DC-operated filters,
have a “closed” architecture in the sense that the filter
volume 1s enclosed by a tube or duct which 1s surrounded by
magnetic field coils. Macroparticles cannot leave the filter
volume. They are expected to stick to the duct wall or to be
caught between baftles that are placed inside the duct. The
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ducts are preferably bent, e.g. at 45° or 90°, so there is no
line-of-sight from the arc spot to the substrate.

U.S. Pat. No. 6,031,239 shows a filtered cathodic arc
source with a filter of closed architecture having a toroidal
duct with two bends, preferably in different planes, and a
liner or baifle 1n the duct. The double bend provides no
line-of-sight and no single bounce path through the duct.

The duct 1s relatively large, with a diameter of 4—6 1nches.

However, catching macroparticles 1s difficult for some
cathode materials such as carbon because the macroparticles
tend to be elastically reflected from surfaces. This “bounc-
ing” problem 1s addressed by filters with open architecture
where “bouncing” 1s used to let macroparticles escape from
the region of plasma transport. Filters of open architecture
do not have a duct but consist of a few turns of a magnetic
field coil. The coil must have a relatively high current to
ogenerate suflicient field strength despite the small number of
turns per length. For convenience, the arc current can be
used 1n the filter coil.

Thus a short, open-architecture magnetic filter 1n combi-
nation with a compact arc source with a cathode of small
arca and operated 1n pulsed mode 1s desirable 1in order to
have a high throughput of clean plasma to a deposition
target.

SUMMARY OF THE INVENTION

Accordingly 1t 1s an object of the mvention to provide an
improved macroparticle filter for cathodic arc plasma
SOUICes.

It 1s another object of the mvention to provide a magnetic
filter for use with a compact arc source with a cathode of
small area and operated 1n pulsed mode.

It 1s also an object of the invention to provide a short, open
architecture magnetic filter for the removal of macropar-
ticles from cathodic arc plasmas.

It 1s a further object of the mvention to provide a filter
suitable for cathodic arc sources for the deposition of thin
amorphous carbon films.

The 1nvention 1s an open-architecture, bent solenoid mag-
netic filter, with additional field coils at the filter entrance
and exit, which improves macroparticle filtering for cathodic
arc sources. In particular, a three-dimensional double-bent
filter formed of an S-shaped coil with the two bent sections
twisted out of plane forms a very compact and efficient filter
(twist filter). The coil turns further have a flat cross-section
to promote macroparticle reflection out of the filter volume.
Thus the coil itself serves as a ballle structure. The filter
turns are held at numerous points for cooling and stability
reasons; despite the relatively short pulse length of 1 ms or
less, there 15 a significant electromagnetic force on the filter
turns when the current exceeds 1 kA. The twist filter has a
strong magnetic field (>100 mT), providing excellent
plasma confinement. The fringe field at the entrance 1s well
suited for source-filter coupling. The twist filter 1s particu-
larly suitable for a miniaturized, pulsed cathodic arc plasma
system for the deposition of ultrathin amorphous hard car-
bon (a-C) films, e.g. for the magnetic storage industry.

Further in accordance with the invention, an optional
output conditioning system for expanding the plasma beam
to cover a larger area of the target may be implemented at the
output of the magnetic filter. The expander system has three
basic components: an expander coil, followed by a straight-
ener coil, followed by a homogenizer.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A—C are three side views of a twist filter of the
mvention.
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FIG. 2 1s a cross-sectional view of a twist filter of the
invention mounted i1n a support frame and positioned
between a cathodic arc source and a substrate.

FIGS. 3A-B show two types of separators between the
windings of a twist filter.

FIG. 4 shows the electrical connection of a magnetic filter
and cathodic arc plasma source to a cathodic arc power
supply.

FIG. 5 1illustrates an output conditioning system {for

expanding the {filtered plasma beam at the output of a
magnetic filter.

FIG. 6 shows the plasma distribution at the exit plane of
a twist filter.

FIG. 7 shows the normalized and absolute total 1on
current of twist filtered carbon plasma as a function of arc
current.

FIG. 8 shows a miniaturized cathodic arc plasma source
of the 1nvention.

FIG. 9A shows a system for “triggerless” cathodic arc
Initiation.

FIGS. 9B, C show side and top enlarged views of the
cathode-insulator junction.

FIG. 9D shows a power supply with booster for the
friggerless arc initiation.

FIG. 9E shows a power supply for the triggerless arc
initiation based on a thyristor switched pulse forming net-
work (PFN).

DETAILED DESCRIPTION OF THE
INVENTION

The mvention 1s an improved magnetic filter for removing
macroparticles from the plasma produced by cathodic arc
sources. The filter 1s formed of a bent solenoidal coil with an
open-architecture, preferably with at least one of the fol-
lowing additional features: (1) additional field coils at the
filter entrance and exit, and (2) coil turns having a flat
cross-section to promote macroparticle reflection out of the
filter volume.

In particular, the mvention includes a three-dimensional
double-bent solenoid filter or twist filter with the two bent
sections of an S-shaped coil twisted out of plane. The filter
turns are held at numerous points by a support structure to
provide cooling and stability. The mnvention also applies to
planar S-filters and to single bend filters such as 90° filters.

As 1llustrated 1n FIGS. 1A—C, a magnetic filter 10 of the
invention 1s formed of a twisted solenoidal coil 12 made up
of a series of windings or turns 14 extending from a first end
16 to a second end 18. FIGS. 1A—C show three views of the
filter 10 rotated about a vertical axis 90° or 180° from each
other, with first end 16 facing back in FIG. 1A, facing
forward mm FIG. 1B, and facing the right 1n FIG. 1C. Coil
windings or turns 14 are made of conductive material, e.g.
copper, and coated with an insulator, e.g. lacquer, so that
current can flow through the coil from one end to the other
to produce a magnetic field to guide plasma 1ons through the

filter volume 20 defined 1nside coil 12.

Coil windings or turns 14 are substantially flat, preferably
knife edges, so that only the thin edges face the filter volume
20. Thus, the chances of macroparticles in the plasma hitting,
the edges of windings or turns 14, and being reflected within
the filter volume 20, are greatly reduced. Instead, macro-
particles are much more likely to pass through the spaces
between windings or turns 14, and thus be removed from the
plasma. The coil windings or turns 14 will act as bafiles; 1f
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the macroparticles hit the flat surfaces of the coil winding or
turns 14, they will be reflected out of the filter 10.

Filter 10 has a double bend shape with an out of plane
twist so that there 1s no line of sight and no single reflection
path through the filter volume 20. It 1s extremely unlikely
that any macroparticle can be multiply reflected within the
filter and exit the filter with the plasma, particularly 1f the flat
coll winding configuration 1s used. While the twist filter
conilguration 1s the best design, other filters may be planar
in configuration and have only a single bend. While flat coil
windings are preferred, round or other shaped windings may
be used.

A compact filter designed for use with a compact cathodic
arc plasma source 1s desired. The length of the plasma path
through the filter may be short, e.g. 20 cm or less. The
diameter of the filter coil may be small, e.g. 3 cm 1nside
diameter. The magnetic field inside the coil 1s relatively
strong, ¢.g. at least 50 mT.

Operation of the open architecture twist filter at high
current, e.g. about 1 kA, requires stabilization of the coil
windings or turns because of the electromagnetic forces
exerted on the coils. As shown 1n FIG. 2, magnetic filter 10
1s mounted 1n a support structure 24 which has support
clements 26 to which coil windings or turns 14 are attached.
Thus the magnetic filter 10 can be maintained 1n position
between cathodic arc source 28 and substrate 30 so that a
plasma beam will pass through filter volume 20 and the
filtered plasma will be deposited on substrate 30. Cathodic
arc source 28 has a cathode 32 inside an anode 34. The
cathodic arc source 28 1s located close to the entrance to
filter 10, e.g. the surface of cathode 32 1s preferably located
at a distance of 0.5 to 2 times the inner diameter of the filter
coll from the filter entrance. Cathodic arc source 28 may also
include a focusing or injection solenoid 36 to increase the
plasma output from the source into the filter. Substrate 30 1s
supported on a mount 38 which may include an x-y trans-
lation stage for scanning a workpiece across the filtered
plasma beam.

FIGS. 3A, B illustrate other ways to stabilize the filter
with holding structures connecting all of the coil windings or
turns together while maintaining the open structure. Thin
bands 40 of stiff, high temperature, high resistance material,
¢.g. 0.1 mm thick stainless steel sheet, can connect each
winding or turn 14 and be connected to each other, as shown
in FIG. 3A. Alternatively, a plurality of struts 42 formed of
insulators such as fiberglass, Kevlar, tetflon, or Kapton, or
ceramic tubes can be used as separators between windings or

turns 14, as shown 1n FIG. 3B. Holes 46 for three struts 42
are shown on the coil end 16 1in FIG. 3A.

In another aspect of the mvention, as illustrated 1in FIG.
3B, the ends 16, 18 of filter coil 12 have a group 44 of
closely spaced extra windings or turns. The extra windings
or turns compensate for the normally occurring drop in
magnetic field strength at the ends of the coil. For example,
in a 90° bent magnetic filter with 23 turns, two additional
turns are added at both the entrance and exit.

The cathodic arc plasma source and filter can be operated
1n series from a single power supply, 1.€. the arc and the coil
can be electrically connected 1n series so that the arc current
ogenerates the guiding magnetic field 1n the filter. Thus the
coil current, which equals the arc current, 1s very high,
preferably at least 1 kKA.

As shown 1n FIG. 4, plasma source 28 and magnetic filter
48, which is shown as a 90° filter but can be any other
geometry, are electrically connected i1n series to an arc
current power supply 50. The power supply 50 1s connected
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between the cathode 32 of source 28 and the exit end 52 of
filter 48. The anode 34 of source 28 and entrance end 54 of

filter 48 are connected together, and grounded. One advan-
tage of this arrangement 1s that the plasma potential at the
exit end 52 of the filter 1s positive with respect to ground,
which 1s equivalent to negatively biasing the substrate 30 to
which the plasma beam 1s directed. In both cases the plasma
1ons are accelerated to the substrate. By achieving a positive
plasma potential, the substrate can simply be grounded and
ions still experience acceleration to the substrate. thus in
ciiect the plasma 1s biased instead of the substrate. Of
course, substrate 30 can be additionally biased by connec-
fion to a bias supply 56 for additional manipulation of the

10n energy.

An additional feature shown 1n FIG. 4 1s that the source
28 and filter 48 can be separated from the substrate 30 by a
particle blocking wall 58. Wall 538 functions as a macropar-
ticle firewall which separates the macroparticle contami-
nated source and filter chamber 60 from the clean plasma
process chamber 62. The opening 64 in wall 58 through
which the filtered plasma can enter chamber 62 can be kept
small. Ideally the wall 58 1s very close to the end of filter 48
so all the plasma passes through opening 64.

Magnetic guiding of the plasma at the filter output can be
used to spread the plasma beam and distribute 1t evenly over
a larger target area, €.g., 4 inch diameter. The system of coils
and wires 1s compact, having a length of less than 20 cm, and
allows the retention of a much greater portion of the plasma.
As shown 1n FIG. §, filter output conditioning system
combines three components, an expander coil 72, a straight-
ening coil 74, and a multipole magnetic homogenizer 76.

In order to expand the magnetic field lines as soon as they
leave the magnetic filter 48, expander coil 72 1s positioned
near the filter output, e.g. at 10 cm. Coil 72 1s a large
diameter coil which produces a magnetic field 1n the oppo-
site direction to that of filter 48. This opposing field couples
with the filter field to produce a weak field region where the
field lines expand rapidly, allowing the plasma beam to
diverge.

The final stage 1s homogenizer 76 which produces the
same magnetic field configuration as a permanent magnet
homogenizer. However, in homogenizer 76 the magnetic
fields are produced by current carrying wires wound 1n a
square-wave zig-zag pattern around an insulating tube, e.g.
plexiglass, about 12 c¢cm long, and carrying the full arc
current. This design 1s cheaper than a permanent magnet
system and produces strong magnetic ficlds when operated
at high current, e¢.g. 1 kA. However, a permanent magnet
homogenizer may also be used with an electromagnetic
expander and staightener.

Plasma losses 1n the homogenizer can be minimized if the
field lines pass through the homogenizer parallel to 1ts walls.
To make the expanded lines from expander 72 parallel as
they enter homogenizer 76, straightener 74 1s positioned 1n
between. The straightener 74 1s another coil which produces
a magnetic field parallel to that of the filter 48. The expander
72 and straightener 74 together expand and funnel the
plasma 1nto homogenizer 76 over a distance of about 10-12
cm. Operation of the coil pair was optimized using a current
divider with a current ratio of 2:1 so that %5 of the arc current
passed through the expander and ¥z through the straightener.

FIG. 6 shows the plasma distribution at the exit plane of
a twist filter. The reference circle has a diameter of 30 mm
corresponding to the inner diameter of the filter coil. The
plasma 1s concentrated 1n a narrow, magnetically confined
channel a few millimeters in diameter (the fringes are a
result of signal processing).
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FIG. 7 shows the normalized and absolute total 1on
current of twist-filtered carbon plasma, measured with a
large-area 1on collector biased at =70 V, as a function of the
arc current. The ratio of filtered 1on current to arc current can
be defined as the “system coeflicient” characterizing the
coupled source and filter system. System coellicients of 1%
are generally considered good. FIG. 7 indicates that the
absolute output increases at least linearly with arc current
while the system coefficient tends to saturate at high arc
currents. This can be explained since plasma production at
cathode spots 1s approximately proportional to the arc cur-
rent and plasma transport 1n the filter 1s 1mproved at higher
field strength. The saturation of the system coeflicient 1ndi-
cates that the system 1s approaching the limits of theoreti-
cally possible plasma transport. The non-saturation of the
absolute filtered 1on current indicates that even higher fil-
tered currents can be achieved, if needed.

Thus a compact mimiaturized filter 1s provided which
cficiently removes macroparticles from the plasma and
provides high plasma throughput. To utilize this filter a
compact cathodic arc source with a cathode of small area 1s
required. A problem with a small cathode 1s limited lifetime
due to cathode erosion as the cathode material 1s consumed
to form the plasma. Thus a cathode feed mechanism 1is
required. A short filter with an open architecture and high
current, and a compact source with small cathode, also
indicate a repetitively pulsed mode of operation rather than
DC. A mimaturized cathodic arc plasma source which meets
these requirements forms a part of the invention.

As shown 1n FIG. 8, cathodic arc plasma source 80 has an
anode 82 formed of a plurality of spaced baflles 84 which
extend beyond the active cathode surface 86 of cathode 88.
In the prior art sources where the anode 1s a cylinder housing
the cathode assembly, most macroparticles generated at the
cathode are ejected at shallow angles with respect to the
cathode surface, and either stick to the anode or are reflected
back 1nto the plasma. With the open battle structure of anode
82 of source 80, most macroparticles pass through the gaps
between baflles 84 and reflect off batiles 84 out of the plasma
stream that enters the filter. Thus the anode not only has an
clectrical function but serves as a prefilter.

The cathode 88 of source 80 has a small diameter, e.g. a
rod of about ¥ inch (6.25 mm) diameter compared to the
common 2-3 mch DC cathodes. Thus the plasma source
output 1s well localized, even with cathode spot movement
which 1s Iimited 1n area, so that it effectively couples mto a
miniaturized filter.

With a small area cathode, the material eroded from the
cathode needs to be replaced to maintain plasma production.
Therefore, source 80 1ncludes a cathode advancement or
feed mechanism 90 coupled to cathode (rod) 88. Feed
mechanism 90 may simply be a manual feed mechanism
such as a micrometer, but preferably 1s a motorized feed
mechanism automatically controlled by a controller 92. For
example, using graphite and an arc current of 1.5 kA and a
pulse width of 600 us, the cathode must be advanced by 0.4
um/pulse, or the cathode must be advanced about 1 mm for
every 1000 arc pulses of about 1 kKA current and 1 ms
duration for a carbon cathode.

Cathode 88 of source 80 also requires a cooling mecha-
nism. The movable cathode (rod) 88 is housed in a cooled
metal shield or tube 94 which serves as both a current
conductor, thus reducing ohmic heat produced in the
cathode, and as the heat sink for heat generated at or near the
cathode. Cooling of the cathode housing tube 94 1s done by
contact with coolant 96 at a place remote from the active
cathode surface 86.
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Source 80 1s operated 1n pulsed mode at relatively high
currents, about 1 kA. The high arc current can also be used
to operate the magnetic filter. Power consumption and
assoclated heat load can thus be regulated via the arc pulse

duty cycle and pulse length rather than arc current which
would lower the filter field.

Pulsed operation of the cathodic arc source requires a
reliable arc trigger mechanism with a long lifetime. The
invention includes a “triggerless™ arc initiation method and
apparatus based on simply switching the arc supply voltage
to the electrodes (anode and cathode). Neither a mechanical
trigger electrode nor a high voltage flashover from a trigger
clectrode 1s required. A conducting path between the anode
and cathode 1s provided, which allows at least one hot spot
to form at locations where the path connects to the cathode,
the location can vary with each pulse but reliably occur
every pulse. The resistance of the path 1s preferably in the
162—-10 k€2 range. While the conductive path 1s eroded by the
cathode spot action, plasma deposition ensures the ongoing
repair of the conducting path.

Arc 1nitiation 1s achieved by simply applying the rela-
tively low voltage of the arc power supply, €.g. 500 V-1 KV,
with the insulator between the anode and cathode coated
with a conducting layer and the current at the layer-cathode
interface concentrated at one or a few contact points. The
local power density at these contact points 1s sufficient for
plasma production and thus arc initiation.

As shown 1n FIG. 9A and the enlarged views of the
interface 100 m FIGS. 9B,C a conductive surface layer 102,
such as graphite or the material being deposited, 1s formed
on the surface of insulator 104 which separates cathode 106
from anode 108. The mechanism of plasma production (and
arc 1nitiation) is based on explosive destruction of the layer
102——cathode 106 interface caused by joule heating. The
current flow between the thin insulator coating 102 and
cathode 106 occurs at only a few contact points so the
current density 1s high. Spots 116 form at locations at the
cathode 106——coated insulator 104 interface, bridging the
small gap 118 that inevitably exists between cathode 106
and 1msulator 104.

A trigger pulse from trigger pulse generator 108 1s applied
to an SCR or other switch to apply the voltage from arc
power supply 110. Rc 1s the charging resistance and L 1s the
current limiting inductance.

An arc supply with a booster voltage 1s shown 1n FIG. 9C.
A high current arc power supply 112 1s combined with a
second supply 114 which boosts the voltage to ensure
reliable triggering. Rbl and Rb2 are bleed resistances for
safety, RL1 and RL2 are current limiting resistances, C1=20
uF, C2=10 mF, D 1s a high voltage, high current diode
preventing backfeeding of supply 114 into supply 112, and
Tr 1s a 200 A/100V transistor switch.

An efficient, compact power supply for pulsed cathodic
arcs based on a thyristor switched, high voltage, high
current, pulse forming network (PFN) is shown in FIG. 9D.
In the circuit, Dr 1s a safety drop switch, Rd=100£2 1s a
current limiting resistor at the drop switch, Rb=100 k&2 1s a
bleeding safety resistor, C=88 uF, L=7.5 uH, D 1s an energy
enhancing diode, Rtl (about 100£2) is the resistance of the
conducting path between anode and cathode for triggerless
arc 1nitiation. The filter coil for macroparticle removal from
the cathodic arc plasmas can be used while the anode 1is
orounded; 1n this case there 1s no direct connection from the
oround of the power supply to the positive side of the
capacitors of the PFN.

It can provide high pulsed currents up to 2 kA with a
duration of 600 us, and pulse repetition rates up to 10 Hz, or
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higher at lower current. Cathodic arc initiation 1s reliable
because the charging voltage 1s much higher than the mini-
mum starting voltage for triggerless arc initiation. Energy
utilization efficiency 1s high by intentionally mismatching
load and PFN 1mpedances; the stored energy 1s dissipated
primarily 1n the arc.

The cathodic arc systems of the mvention can be used for
the deposition of defect free, dense, continuous films for a

variety of applications, including protective coatings, deco-
rative coatings, and wear resistive coatings. One example 1s
the deposition of a thin layer of pinhole free, amorphous
diamond on magnetic storage media. Other materials than
carbon can also be deposited, e.g. magnetic materials. Opti-
cal films can also be produced. Another application is the
deposition of filtered cathodic arc tantalum, copper or other
material into or onto submicron trenches and vias etched in
silicon wafers and other semiconductors.

Changes and modifications in the specifically described
embodiments can be carried out without departing from the
scope of the mnvention which 1s 1intended to be limited only
by the scope of the appended claims.

What 1s claimed 1s:

1. A magnetic filter for removing macroparticles from the
plasma produced by cathodic arc sources, the filter com-
prising a bent solenoidal coil with an open-architecture.

2. The magnetic filter of claim 1 wherein the bent sole-
noidal coil further comprises at least one of the following
additional features:

(a) additional field coils at the filter entrance and exit, and

(b) coil turns having a flat cross-section to promote

macroparticle reflection out of the filter volume.

3. The magnetic filter of claim 1 wherein the bent sole-
noidal coil comprises a three-dimensional double-bent sole-
noid coil.

4. The magnetic filter of claim 3 wherein the two bent
sections of the double bent coil are twisted out of plane.

5. The magnetic filter of claim 1 further comprising a
support structure for holding the filter turns at numerous
points to provide cooling and stability.

6. The magnetic filter of claim 2 wherein the bent sole-
noidal coil comprises a three-dimensional double-bent sole-
noid coil.

7. The magnetic filter of claim 6 wherein the two bent
sections of the double bent coil are twisted out of plane.

8. The magnetic filter of claim 2 further comprising a
support structure for holding the filter turns at numerous
points to provide cooling and stability.

9. The filter of claim 1 further comprising an output
conditioning system following the coil for expanding a
filtered plasma beam to substantially uniformly cover a
larger target area.

10. The filter of claim 9 wherein the output conditioning
system comprises an expander coil, a straightener coil
following the expander coil, and a homogenizer following
the straightener coil.

11. The filter of claam 10 wherein the homogenizer
comprises a plurality of windings 1n a square-wave zig-zag
pattern.

12. The filter of claim 1 wherein plasma path through the
coll 1s about 20 cm or less and the coil has an 1nside diameter
of about 3 cm.

13. The filter of claim 1 wherein the coil 1s operated at a
current of about 1 kA to produce a magnetic field of at least
about 50 mT.

14. A filtered cathodic arc source, comprising:
a cathodic arc source having an anode and a cathode;

a magnetic filter following the cathodic arc source for
removing macroparticles from the plasma produced by
the cathodic arc source, the filter comprising a bent
solenoidal coi1l with an open architecture.
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15. The source of claim 14 wherein the coil turns have a
flat cross-section to promote macroparticle retlection out of
the filter volume.

16. The source of claim 14 wherein the bent solenoidal
coll comprises a three-dimensional double-bent solenoid
coil with the two bent sections twisted out of plane.

17. The source of claim 14 wherein the bent solenoidal
coil further comprises additional field coils at the filter
entrance and exit.

18. The source of claim 14 further comprising a single
power supply connected to the cathodic arc source and
magnetic filter 1n series so that the arc current equals the coil
current.

10

10

19. The source of claim 18 wherein the power supply 1s
connected between the source cathode and the filter exit end,
with the source anode and filter entrance end connected
together and grounded.

20. The source of claim 14 further comprising an output
conditioning system following the coil for expanding a
filtered plasma beam to substantially uniformly cover a

larger target arca, wherein the output conditioning system
comprises an expander coil, a straightener coil following the
expander coil, and a homogenizer following the straightener
coil.
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